This letter proposes a robust detection scheme of orthogonal space-time block codes that face very fast fading channels. The proposed detection scheme employs a QR decomposition on the channel matrix and minimizes noise enhancement and impact of channel estimation errors which occur in a conventional detection scheme. It is shown by simulations that the proposed detection scheme outperforms the conventional detection scheme when the channel fading is very fast.
Introduction
Orthogonal space-time block coding schemes have been widely investigated by many researchers because of their effectiveness in combating channel fading environments. These effectiveness are based on the assumption that the channel fading is quasi-static, i.e., the channel fading coefficients are constant across consecutive symbol transmission periods. However, orthogonal space-time block coding schemes do not show their effectiveness any longer in practical wireless communication environments in which there are lots of moving vehicles and wireless handheld devices.
When the channel fading is not quasi-static, the detection schemes proposed in [1] and [2] , which were designed over quasi-static fading channels, show degraded performance due to the interference between transmit antennas. Tran and Sesay investigated in [3] and [4] the performance of orthogonal space-time block codes when the channel fading was not quasi-static and proposed the zero-forcing intertransmit-antenna-interference (ITAI) cancellation scheme, which is referred to as the conventional detection scheme in this letter. However, this conventional detection scheme does not offer good performance over very fast fading channels due to noise enhancement caused by using the zeroforcing matrix. Moreover, channel estimation errors, which are inevitable over very fast fading channels, greatly degrade the performance of the conventional detection scheme.
In this paper, we propose a robust detection scheme of orthogonal space-time block codes over very fast fading 
System Model
Consider the orthogonal space-time block code used in Alamouti's scheme [1] over very fast fading channels. Let h i (n) denote the very fast fading channel gain from the ith transmit antenna to the receive antenna. The two consecutive received signals are given by
and
where w(2n) and w(2n + 1) are independent complex Gaussian noises having zero-mean and variance σ 2 w /2 per dimension.
The information theoretic results in [5] show that the first-order AR model provides a sufficiently accurate model for fast fading channels. The channel gain varying from one signaling interval to another is given by
where α is the parameter accounting for the Doppler shift of the channel and v i (n) is a complex Gaussian noise having zero-mean and variance σ 2 v /2 per dimension and is statistically independent of h i (n). Assume that h i (n) is zero-mean and unit-variance complex Gaussian. Then, from (3), we have
Considering very fast fading channels, the received signal vector, transmitted signal vector, and noise vector are given by
respectively. The channel matrix is given by
The received signal is given by
Conventional Detection Scheme
When the channel varies from one signaling interval to another, the decision statistic [6] is given bỹ
where
. The component ε(n) represents inter-transmit-antennainterference (ITAI) between the two transmit antennas.
The conventional detection scheme which is called the zero-forcing ITAI cancellation scheme is proposed in [3] and [4] . The elements of a zero-forcing matrix Z(n) are combinations of elements of H(n). This implies that after the channel matrix H(n) is estimated, we do not need many computations to form Z(n). The decision statistic is given by
where λ 1 (n) and λ 2 (n) are complex numbers and w(n) = Z(n)w(n). The covariance matrix of w(n) is given by
The decoding of (12) is given bŷ
Proposed Detection Scheme
The inter-transmit-antenna-interference (ITAI) is cancelled in the conventional detection scheme. However, noise enhancement occurs as shown in (13) in the conventional detection scheme. To minimize noise enhancement and impact of channel estimation errors, a novel detection scheme is proposed based on the unitary transformation which operates symbol-by-symbol in a successive interference cancellation (SIC) fashion. A QR decomposition [7] is performed on the channel matrix H(n), i.e., H(n) = Q(n)R(n), where Q(n) is an unitary matrix and R(n) is an upper triangular matrix. The upper triangular matrix R(n) is given by
where R 11 , R 12 , and R 22 are complex numbers. The elements of an unitary matrix Q(n) are combinations of elements of H(n). This implies that after the channel matrix H(n) is estimated, we do not need many computations to form Q(n). This fact also guarantees the similar computational complexity of the proposed detection scheme in comparison with that of the conventional detection scheme. The matrix operations in (15) involve 2 × 2 matrices only. They do include the conjugate transpose of one 2 × 2 matrix, but this is an extremely simple operation. This makes the algorithm's implementation computationally very affordable. The new decision statistic r(n) is given by
where w(n) = Q H (n)w(n). The covariance matrix of w(n) is given by
Comparing the covariance matrix of w in (17) with that of w in (13), it is noted that proposed detection scheme minimizes noise enhancement. The decoding of (16) is given bŷ Figure 1 shows the comparison of BER performance of the proposed detection scheme with that of the conventional detection scheme under perfect CSI over various very fast fading channels. Figure 1(a) shows the BER performance of the proposed detection scheme and that of the conventional detection scheme for α = 0.6. It is shown that the proposed detection scheme significantly outperforms the conventional detection scheme by more than 2 dB at a BER of 10 −3 and 3 dB at a BER of 10 −5 . Figure 1(b) shows the BER performance of the proposed detection scheme and that of the conventional detection scheme for α = 0.7. It is shown that the proposed detection scheme outperforms the conventional detection scheme by more than 1.5 dB at a BER of 10 −3 and 2 dB at a BER of 10 −5 . Figure 1(c) shows the BER performance of the proposed detection scheme and that of conventional detection scheme for α = 0.8. It is shown that the proposed detection scheme outperforms the conventional detection scheme at SNR higher than 18 dB. Figure 1(d) shows the BER performance of the proposed detection scheme and that of the conventional detection scheme for α = 0.9. It is shown that the conventional detection scheme performs better than the proposed detection scheme. This is because noise enhancement is relatively small in the conventional detection scheme for α = 0.9. The off-diagonal terms in the covariance matrix of noise as shown in (13) are close to zero resulting in small noise enhancement if the value of α is close to unity. Therefore, when the value of α is equal to 0.9, the conventional detection scheme having properties of both ITAI cancellation and relatively small noise enhancement outperforms the proposed detection scheme.
Simulation Results

Performance under Perfect CSI
Performance under Channel Estimation Errors
As pointed out in [6] , channel estimation errors are inevitable over fast fading channels and even small channel estimation errors could dramatically degrade the performance of space-time block coding schemes. Therefore, it is desired to investigate the effects of channel estimation errors on the performance of the proposed detection scheme. The channel mismatch is modeled aŝ
where h i (n) is the perfect channel gain and e i (n) is the channel estimation error, which is modeled as an i.i.d. complex Gaussian random variable having zero-mean and variance σ 2 e and is statistically independent of h i (n).ĥ i (n) is the mismatched channel gain and is also an i.i.d. zero-mean complex Gaussian random variable with variance σ channel estimation errors over various very fast fading channels. It is shown that the proposed detection scheme significantly outperforms the conventional detection scheme for any values of α. This is mainly because that noise enhancement which occurs in the conventional detection is minimized in the proposed detection scheme. In practical wireless communication environments, there is always a delay in the energy-limited channel estimation which is significant in fast fading channels. In addition, noise sensitivity and quantization errors yield channel estimation errors that greatly degrade the performance of space-time block coding schemes. However, noise sensitivity, which is a major factor increasing the impact of channel estimation errors, is completely minimized in the proposed detection scheme. Therefore, the proposed detection scheme is much more robust to channel estimation errors than the conventional detection scheme for any values of α.
It is also shown from Fig. 1 and Fig. 2 that the gap between the performance under perfect CSI and performance under channel estimation errors for the proposed detection scheme is much smaller than the corresponding gap for the conventional detection scheme.
Conclusions
In this letter, a robust detection scheme of orthogonal spacetime block codes is proposed. Modeling very fast fading channels as AR processes, a QR decomposition is performed on the channel matrix to minimize noise enhancement and impact of channel estimation errors which occur in a conventional detection scheme. It is confirmed by computer simulations that the proposed detection scheme shows robust performance when the channel fading is very fast.
